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INTRODUCTION

zone is present only in small amounts in Earth’s
Oatmosphere. Nevertheless, it is vital to human well-
being and ecosystem health.

Most ozone resides in the upper part of the atmosphere.
This region, called the stratosphere, is more than 10 kilo-
meters (6 miles) above Earth’s surface. There, about 90% of
atmospheric ozone is contained in the “ozone layer,” which
shields us from harmful ultraviolet radiation from the Sun.

It was discovered in the mid-1970s that some human-
produced chemicals could lead to depletion of the ozone
layer. The resulting increase in ultraviolet radiation at Earth’s
surface would likely increase the incidences of skin cancer
and eye cataracts, and also adversely affect plants, crops, and
ocean plankton.

Following the discovery of this environmental issue,
researchers sought a better understanding of this threat to the
ozone layer. Monitoring stations showed that the abundances
of the ozone-depleting substances (ODSs) were steadily
increasing in the atmosphere. These trends were linked to
growing production and use of chemicals like chlorofluoro-
carbons (CFCs) for refrigeration and air conditioning, foam
blowing, and industrial cleaning. Measurements in the
laboratory and in the atmosphere characterized the chemical
reactions that were involved in ozone destruction. Computer
models of the atmosphere employing this information were
used to predict how much ozone depletion was occurring and
how much more might occur in the future.

Observations of the ozone layer showed that depletion
was indeed occurring. The most severe and most surprising
ozone loss was discovered to be recurring in springtime over
Antarctica. The loss in this region is commonly called the
“ozone hole” because the ozone depletion is so large and local-
ized. A thinning of the ozone layer also has been observed
over other regions of the globe, such as the Arctic and north-
ern and southern midlatitudes.

The work of many scientists throughout the world has pro-
vided a basis for building a broad and solid scientific under-
standing of the ozone depletion process. With this under-
standing, we know that ozone depletion is indeed occurring
and why. Most important, we know that if the most potent
ODSs were to continue to be emitted and increase in the atmo-
sphere, the result would be more depletion of the ozone layer.

In response to the prospect of increasing ozone depletion,

the governments of the world crafted the 1987 United Nations
Montreal Protocol as an international means to address this
global issue. As a result of the broad compliance with the
Protocol and its Amendments and Adjustments and, of great
significance, industry’s development of “ozone-friendly”
substitutes for the now-controlled chemicals, the total global
accumulation of ODSs has slowed and begun to decrease. In
response, global ozone depletion is no longer increasing. Now,
with continued compliance, we expect substantial recovery of
the ozone layer by the late 21° century. The day the Montreal
Protocol was agreed upon, 16 September, is now celebrated as
the International Day for the Preservation of the Ozone Layer.

This is a story of notable achievements: discovery, under-
standing, decisions, actions, and verification. It is a story
written by many: scientists, technologists, economists, legal
experts, and policymakers, in which continuous dialogue has
been a keyingredient. A timeline of milestones associated with
stratospheric ozone depletion is illustrated in Figure Q0-1. The
milestones relate to stratospheric ozone science, international
scientific assessments, and the Montreal Protocol.

To help maintain a broad understanding of the relation-
ship between ozone depletion, ODSs, and the Montreal Pro-
tocol, this component of the Scientific Assessment of Ozone
Depletion: 2010 presents 20 questions and answers about the
often-complex science of ozone depletion. Most questions
and answers are updates of those presented in previous Ozone
Assessments, while others have been added or expanded to
address newly emerging issues. The questions address the
nature of atmospheric ozone, the chemicals that cause ozone
depletion, how global and polar ozone depletion occur, the
success of the Montreal Protocol, and what could lie ahead for
the ozone layer. Computer models project that the influence
on global ozone of greenhouse gases and changes in climate
will grow significantly in the coming decades and exceed
the importance of ODSs in most atmospheric regions by the
end of this century. Ozone and climate are indirectly linked
because both ODSs and their substitutes contribute to climate
change. A brief answer to each question is first given in italics;
an expanded answer then follows. The answers are based on
the information presented in the 2010 and earlier Assessment
reports as well as other international scientific assessments.
These reports and the answers provided here were prepared
and reviewed by a large international group of scientists.

Q1
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Figure Q0-1. Stratospheric ozone depletion milestones. This timeline highlights milestones related to the history of ozone
depletion. Events represent the occurrence of important scientific findings, the completion of international scientific assess-
ments, and highlights of the Montreal Protocol. The graph shows the history and near future of annual total emissions of
ozone-depleting substances (ODSs) combined with natural emissions of halogen source gases. ODSs are halogen source
gases controlled under the Montreal Protocol. The emissions, when weighted by their potential to destroy ozone, peaked
near 1990 after several decades of steady increases (see Q19). Between 1990 and the present, emissions have decreased
substantially as a result of the Montreal Protocol and its subsequent Amendments and Adjustments coming into force (see
Q15). The Protocol began with the Vienna Convention for the Protection of the Ozone Layer in 1985. The provisions of the
Protocol and its Amendments and Adjustments decisions have depended on information embodied in international scientific
assessments of ozone depletion that have been produced periodically since 1989 under the auspices of UNEP and WMO.
Atmospheric observations of ozone, CFCs, and other ODSs have increased substantially since the early 1970s. For example,
the SAGE and TOMS satellite instruments have provided essential global views of stratospheric ozone for several decades.
The Nobel Prize in Chemistry in 1995 was awarded for research that identified the threat to ozone posed by CFCs and that
described key reactive processes in the stratosphere. By 2008, stratospheric chlorine abundances in the stratosphere were
10% lower than their peak values reached in the late 1990s and were continuing to decrease. January 2010 marked the end of
global production of CFCs and halons under the Protocol. (A megatonne = 1 billion (109 kilograms.)

EESC: Equivalent effective stratospheric chlorine IPCC: Intergovernmental Panel on Climate Change

ODS: Ozone-depleting substance TEAP: Technology and Economic Assessment Panel

WMO: World Meteorological Organization of the Montreal Protocol

UNEP: United Nations Environment Programme

! The update of this component of the Assessment was discussed by the 74 scientists who attended the Panel Review Meeting for the 2010 Ozone
Assessment (Les Diablerets, Switzerland, 28 June-2 July 2010). In addition, subsequent contributions, reviews, or comments were provided by
the following individuals: Ross J. Salawitch (Special Recognition), Stephen A. Montzka (Special Recognition), Stephen O. Andersen (Special
Recognition), Pieter J. Aucamp, Alkiviadis F. Bais, Peter F. Bernath, Gregory E. Bodeker, Janet F. Bornman, Geir O. Braathen, Peter Braesicke,
Irene Cionni, Martin Dameris, John S. Daniel, Susana B. Diaz, Ellsworth G. Dutton, James W. Elkins, Christine A. Ennis, Veronika Eyring,
Vitali E. Fioletov, Marvin A. Geller, Sophie Godin-Beekmann, Malcolm K.W. Ko, Kirstin Kriiger, Lambert Kuijpers, Michael J. Kurylo, Igor
Larin, Gloria L. Manney, C. Thomas McElroy, Rolf Miiller, Eric R. Nash, Paul A. Newman, Samuel J. Oltmans, Nigel D. Paul, Judith Perlwitz,
Jean-Pierre Pommereau, Claire E. Reeves, Stefan Reimann, Alan Robock, Michelle L. Santee, Dian J. Seidel, Theodore G. Shepherd, Peter Sim-
monds, Anne K. Smith, Richard S. Stolarski, Matthew B. Tully, Guus J.M. Velders, Elizabeth C. Weatherhead, Ann R. Webb, Ray F. Weiss, and
Durwood Zaelke.
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Section I: OZONE IN OUR ATMOSPHERE

What is ozone and where is it in the atmosphere?

Ozone is a gas that is naturally present in our atmosphere. Each ozone molecule contains three atoms of oxygen and is
denoted chemically as Os;. Ozone is found primarily in two regions of the atmosphere. About 10% of atmospheric ozone is in
the troposphere, the region closest to Earth (from the surface to about 10-16 kilometers (6-10 miles)). The remaining ozone
(about 90%) resides in the stratosphere between the top of the troposphere and about 50 kilometers (31 miles) altitude. The
large amount of ozone in the stratosphere is often referred to as the “ozone layer.”

zone is a gas that is naturally present in our atmosphere.

Ozone has the chemical formula Oz because an ozone
molecule contains three oxygen atoms (see Figure QIl-1).
Ozone was discovered in laboratory experiments in the mid-
1800s. Ozone’s presence in the atmosphere was later discov-
ered using chemical and optical measurement methods. The
word ozone is derived from the Greek word 6Lewv (o0zein),
meaning “to smell.” Ozone has a pungent odor that allows it
to be detected even at very low amounts. Ozone reacts rapidly
with many chemical compounds and is explosive in concen-
trated amounts. Electrical discharges are generally used to
produce ozone for industrial processes such as air and water
purification and bleaching of textiles and food products.

Ozone location. Most ozone (about 90%) is found in the
stratosphere, which begins about 10-16 kilometers (6-10
miles) above Earth’s surface and extends up to about 50
kilometers (31 miles) altitude. The stratospheric region with
the highest ozone concentration is commonly known as the
“ozone layer” (see Figure Q1-2). The ozone layer extends over
the entire globe with some variation in altitude and thickness.
The remaining ozone, about 10%, is found in the troposphere,
which is the lowest region of the atmosphere, between Earth’s
surface and the stratosphere.

Ozone abundance. Ozone molecules have a low relative
abundance in the atmosphere. In the stratosphere near the
peak concentration of the ozone layer, there are typically a few
thousand ozone molecules for every billion air molecules (1
billion = 1,000 million). Most air molecules are either oxygen
(Oy) or nitrogen (N;) molecules. In the troposphere near

Q4

Earth’s surface, ozone is even less abundant, with a typical
range of 20 to 100 ozone molecules for each billion air mole-
cules. The highest surface values result when ozone is formed
in air polluted by human activities.

As an illustration of the low relative abundance of ozone
in our atmosphere, one can imagine bringing all the ozone
molecules in the troposphere and stratosphere down to
Earth’s surface and uniformly distributing these molecules
into a layer of gas extending over the globe. The resulting
layer of pure ozone would have an average thickness of about
three millimeters (about one-tenth inch) (see Q4). Nonethe-
less, this extremely small fraction of the atmosphere plays a
vital role in protecting life on Earth (see Q3).

Ozone and Oxygen

Ozone
molecule (Og)

Oxygen
atom (O)

o oo £

Figure Q1-1. Ozone and oxygen. A molecule of ozone

Oxygen
molecule (Oy)

(O3) contains three oxygen (O) atoms bound together.
Oxygen molecules (0,), which constitute 21% of the
gases in Earth’s atmosphere, contain two oxygen atoms
bound together.
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Figure Q1-2. Ozone in the atmo-
sphere. Ozone is present through-
out the troposphere and strato-
sphere. This profile shows sche-
matically how ozone changes with
altitude in the tropics. Most ozone
resides in the stratospheric “ozone
layer.” The vertical extent or thick-
ness of this layer varies from region
to region and with season over the
globe (see Q4). Increases in ozone
occur near the surface as a result of
pollution from human activities.
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Section |: OZONE IN OUR ATMOSPHERE

How is ozone formed in the atmosphere?

Ozone is formed throughout the atmosphere in multistep chemical processes that require sunlight. In the stratosphere,
the process begins with an oxygen molecule (O,) being broken apart by ultraviolet radiation from the Sun. In the lower
atmosphere (troposphere), ozone is formed by a different set of chemical reactions that involve naturally occurring gases and

those from pollution sources.

Stratospheric ozone. Stratospheric ozone is formed natu-
rally by chemical reactions involving solar ultraviolet radia-
tion (sunlight) and oxygen molecules, which make up 21% of
the atmosphere. In the first step, solar ultraviolet radiation
breaks apart one oxygen molecule (O,) to produce two oxygen
atoms (2 O) (see Figure Q2-1). In the second step, each of these
highly reactive atoms combines with an oxygen molecule to
produce an ozone molecule (O;). These reactions occur con-
tinually whenever solar ultraviolet radiation is present in the
stratosphere. As a result, the largest ozone production occurs
in the tropical stratosphere.

The production of stratospheric ozone is balanced by its
destruction in chemical reactions. Ozone reacts continu-
ally with sunlight and a wide variety of natural and human-
produced chemicals in the stratosphere. In each reaction, an
ozone molecule is lost and other chemical compounds are
produced. Important reactive gases that destroy ozone are
hydrogen and nitrogen oxides and those containing chlorine
and bromine (see Q8).

Stratospheric Ozone Production

Step Ultraviolet
1 Sunlight ™ & + @
+
St2ep P
+

. sunlight
Overall reaction: 30, —> 203
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Some stratospheric ozone is regularly transported down
into the troposphere and can occasionally influence ozone
amounts at Earth’s surface, particularly in remote, unpolluted
regions of the globe.

Tropospheric ozone.
produced by chemical reactions involving naturally occur-

Near Earth’s surface, ozone is

ring gases and gases from pollution sources. Ozone produc-
tion reactions primarily involve hydrocarbon and nitrogen
oxide gases, as well as ozone itself, and all require sunlight
for completion. Fossil fuel combustion is a primary source
of pollutant gases that lead to tropospheric ozone produc-
tion. The production of ozone near the surface does not sig-
nificantly contribute to the abundance of stratospheric ozone.
The amount of surface ozone is too small in comparison and
the transport of surface air to the stratosphere is not effec-
tive enough. As in the stratosphere, ozone in the troposphere
is destroyed by naturally occurring chemical reactions and
by reactions involving human-produced chemicals. Tropo-
spheric ozone can also be destroyed when ozone reacts with a

Figure Q2-1. Stratospheric ozone production. Ozone is
naturally produced in the stratosphere by a two-step reac-
tive process. In the first step, solar ultraviolet radiation
(sunlight) breaks apart an oxygen molecule to form two
separate oxygen atoms. In the second step, each atom
then undergoes a binding collision with another oxygen
molecule to form an ozone molecule. In the overall pro-
cess, three oxygen molecules plus sunlight react to form
two ozone molecules.
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variety of surfaces, such as those of soils and plants.

Balance of chemical processes. Ozone abundances
in the stratosphere and troposphere are determined by the
balance between chemical processes that produce and destroy
ozone. The balance is determined by the amounts of reactive
gases and how the rate or effectiveness of the various reactions
varies with sunlight intensity, location in the atmosphere,
temperature, and other factors. As atmospheric conditions

change to favor ozone-producing reactions in a certain loca-

tion, ozone abundances increase. Similarly, if conditions
change to favor other reactions that destroy ozone, abun-
dances decrease. The balance of production and loss reac-
tions combined with atmospheric air motions determines the
global distribution of ozone on timescales of days to many
months. Global ozone has decreased during the past several
decades because the amounts of reactive gases containing
chlorine and bromine have increased in the stratosphere (see

Q13) due to human activities.
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Why do we care about atmospheric ozone?

Ozone in the stratosphere absorbs a large part of the Sun’s biologically harmful ultraviolet radiation. Stratospheric ozone
is considered “good” ozone because of this beneficial role. In contrast, ozone formed at Earth’s surface in excess of natural
amounts is considered “bad” ozone because it is harmful to humans, plants, and animals. Natural ozone near the surface
and in the lower atmosphere plays an important beneficial role in chemically removing pollutants from the atmosphere.

Good ozone. Stratospheric ozone is considered good
for humans and other life forms because it absorbs ultra-
violet-B (UV-B) radiation from the Sun (see Figure Q3-1). If
not absorbed, UV-B radiation would reach Earth’s surface
in amounts that are harmful to a variety of life forms. In
humans, increased exposure to UV-B radiation increases
the risks of skin cancer, cataracts, and a suppressed immune
system. UV-B radiation exposure before adulthood and
cumulative exposure are both important health risk factors.
Excessive UV-B exposure also can damage terrestrial plant
life, single-cell organisms, and aquatic ecosystems. Other
UV radiation, UV-A, which is not absorbed significantly by
ozone, causes premature aging of the skin.

Protecting good ozone. In the mid-1970s, it was dis-
covered that gases containing chlorine and bromine atoms

UV Protection by the Ozone Layer

Q8

released by human activities could cause stratospheric ozone
depletion (see Q6). These gases, referred to as halogen source
gases, and as ozone-depleting substances (ODSs), chemically
release their chlorine and bromine atoms after they reach the
stratosphere. Ozone depletion increases surface UV-B radia-
tion above naturally occurring amounts. International efforts
have been successful in protecting the ozone layer through con-
trols on ODS production and consumption (see Q15 and Q16).

Bad ozone. Ozone near Earth’s surface in excess of natu-
ral amounts is considered bad ozone. It is formed by reactions
involving human-made pollutant gases. Increasing surface
ozone above natural levels is harmful to humans, plants, and
other living systems because ozone reacts strongly to destroy
or alter many biological molecules. High ozone exposure
reduces crop yields and forest growth. In humans, expo-

Figure Q3-1.
layer. The ozone layer resides in the strato-

UV protection by the ozone

sphere and surrounds the entire Earth. UV-B
radiation (280- to 315-nanometer (nm) wave-
length) from the Sun is strongly absorbed
in this layer. As a result, the amount of UV-B
reaching Earth’s surface is greatly reduced.
UV-A (315- to 400-nm wavelength), visible
light, and other solar radiation are not strongly
absorbed by the ozone layer. Human exposure
to UV-B radiation increases the risks of skin
cancer, cataracts, and a suppressed immune
system. UV-B radiation exposure can also
damage terrestrial plant life, single-cell organ-
isms, and aquatic ecosystems.
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sure to high levels of ozone can reduce lung capacity; cause
chest pains, throat irritation, and coughing; and worsen pre-
existing health conditions related to the heart and lungs. In
addition, increases in tropospheric ozone lead to a warming
of Earth’s surface because ozone is a greenhouse gas (see Q18).
The negative effects of excess tropospheric ozone contrast
sharply with the protection from harmful UV-B radiation
afforded by an abundance of stratospheric ozone.

Reducing bad ozone. Limiting the emission of certain
common pollutants reduces the production of excess ozone
in the air surrounding humans, plants, and animals. Natural
emissions from the biosphere, mainly from trees, also partici-
pate in reactions that produce ozone. Major sources of pol-
lutants include large cities where fossil fuel consumption and
industrial activities are greatest. Many programs around the
globe have already been successful in reducing or limiting the

emission of pollutants that cause production of excess ozone
near Earth’s surface.

Natural ozone. In the absence of human activities, ozone
would still be present near Earth’s surface and throughout the
troposphere and stratosphere because ozone is a natural com-
ponent of the clean atmosphere. Ozone plays important roles
in the atmosphere beyond absorbing UV radiation. For exam-
ple, ozone initiates the chemical removal of many pollutants,
such as carbon monoxide (CO) and nitrogen oxides (NOy),
as well as some greenhouse gases, such as methane (CHy). In
addition, the absorption of UV-B radiation by ozone is a natu-
ral source of heat in the stratosphere, causing temperatures to
increase with altitude. Stratospheric temperatures affect the
balance of ozone production and destruction processes (see
Q2) and air motions that redistribute ozone throughout the
stratosphere.

Q.9
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How is total ozone distributed over the globe?

The distribution of total ozone over the Earth varies with location on timescales that range from daily to seasonal. The varia-
tions are caused by large-scale movements of stratospheric air and the chemical production and destruction of ozone. Total
ozone is generally lowest at the equator and highest in polar regions.

Total ozone. Total ozone at any location on the globe is
defined as the sum of all the ozone in the atmosphere directly
above that location. Most ozone resides in the stratospheric
ozone layer and a small percentage (about 10%) is distributed
throughout the troposphere (see QIl). Total ozone values
are often reported in Dobson units denoted as “DU.” Typi-
cal values vary between 200 and 500 DU over the globe (see
Figure Q4-1). The ozone molecules required for total ozone
to be 500 DU around the globe, for example, could also form
a layer of pure ozone gas at Earth’s surface having a thickness
of only 5 millimeters (0.2 inches) (see Q1).

Global distribution.
latitude over the globe, with the largest values occurring at

Total ozone varies strongly with

middle and high latitudes during all seasons (see Figure Q4-1).
This is the result of ozone production rates from solar ultra-
violet radiation that are highest on average in the tropics, and
the large-scale air circulation in the stratosphere that slowly
transports tropical ozone toward the poles. Ozone accumu-
lates at middle and high latitudes, increasing the thickness (or
vertical extent) of the ozone layer and, at the same time, total
ozone. In contrast, the values of total ozone are the lowest in
the tropics in all seasons (except in the ozone hole) because
the thickness of the ozone layer is smallest there.

Seasonal distribution. Total ozone also varies with
season, as is shown in Figure Q4-1 using two-week averages
of ozone taken from 2009 satellite observations. March and
September plots represent the early spring and fall seasons in
the Northern and Southern Hemispheres. June and Decem-
ber plots similarly represent the early summer and winter sea-
sons. Total ozone shows a maximum at high latitudes during
spring as a result of increased transport of ozone from its
source region in the tropics toward the polar regions during
late fall and winter. This ozone transport is much weaker
during the summer and early fall periods and is weaker over-
all in the Southern Hemisphere. An important feature of
seasonal ozone changes is the natural chemical destruction
that occurs when daylight is continuous in the summer polar
stratosphere, which causes total ozone to decrease gradually
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toward its lowest values in early fall.

This natural seasonal cycle can be observed clearly in the
Northern Hemisphere as shown in Figure Q4-1, with increas-
ing values in Arctic total ozone during winter, a clear maxi-
mum in spring, and decreasing values from summer to fall.
In the Antarctic, however, a pronounced minimum in total
ozone is observed during spring. The minimum is a conse-
quence of the “ozone hole,” which describes the widespread
chemical destruction of ozone by ozone-depleting substances
(see Q6 and Q11) in spring. In the late 1970s, before the ozone
hole appeared each year, much higher ozone values were
found in Antarctic spring (see Q11). Now, the lowest values
of total ozone across the globe and all seasons are found every
spring in the Antarctic as shown in Figure Q4-1. After spring,
these low values disappear from total ozone maps as polar air
mixes with lower-latitude air containing much higher ozone
values.

In the tropics, the total ozone changes through the spring-
summer-fall-winter progression of the seasons are much
smaller than in the polar regions. This is because seasonal
changes in both sunlight and ozone transport are smaller in
the tropics than in the polar regions.

Natural variations. Total ozone varies strongly with lati-
tude and longitude within the seasonal plots in Figure Q4-1.
These patterns, which change on daily to weekly timescales,
come about for two reasons. First, natural air motions mix
and blend air between regions of the stratosphere that have
high ozone values and those that have low ozone values.
Tropospheric weather systems can temporarily change the
thickness of the ozone layer in a region, and thereby change
total ozone. The geographical variation in these air motions
in turn causes variations in the distribution of total ozone.

Second, ozone variations occur as a result of changes in
the balance of chemical production and loss processes as air
moves to and from different locations over the globe. This
balance, for example, is very sensitive to the amount of sun-
light in a region.

There is a good understanding of how chemistry and air



Section I: OZONE IN OUR ATMOSPHERE 20 Questions: 2010 Update

Global Satellite Maps of Total Ozone in 2009
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Figure Q4-1. Total ozone. Total ozone at any location on the globe is defined as the sum of all the ozone molecules in the
atmosphere directly above that location. Total ozone varies with latitude, longitude, and season, with the largest values
at high latitudes and the lowest values in tropical regions. The variations are demonstrated here with two-week averages
of total ozone in 2009 as measured with a satellite instrument. Total ozone shows little variation in the tropics (20°N-20°S
latitudes) over all seasons. Total ozone outside the tropics varies more strongly with time on a daily to seasonal basis as
ozone-rich air is moved from the tropics and accumulates at higher latitudes. The low total ozone values over Antarctica in
September constitute the “ozone hole” in 2009. Since the 1980s, the ozone hole in late winter and early spring represents the
lowest values of total ozone that occur over all seasons and latitudes (see Q11).

motions work together to cause the observed large-scale fea-  The continued analysis of these observations provides an
tures in total ozone, such as those seen in Figure Q4-1. Ozone  important basis to quantify the contribution of human activi-
changes are routinely monitored by a large group of investiga- ties to ozone depletion.

tors using satellite, airborne, and ground-based instruments.
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How is ozone measured in the atmosphere?

The amount of ozone in the atmosphere is measured by instruments on the ground and carried aloft on balloons,
aircraft, and satellites. Some instruments measure ozone locally by continuously drawing air samples into a small
detection chamber. Other instruments measure ozone remotely over long distances by using ozone’s unique optical

absorption or emission properties.

he abundance of ozone in the atmosphere is measured by

avariety of techniques (see Figure Q5-1). The techniques
make use of ozone’s unique optical and chemical properties.
There are two principal categories of measurement techniques:
local and remote. Ozone measurements by these techniques
have been essential in monitoring changes in the ozone layer
and in developing our understanding of the processes that
control ozone abundances.

Local measurements. Local measurements of atmo-
spheric ozone abundance are those that require air to be
drawn directly into an instrument. Once inside an instru-
ment’s detection chamber, ozone is measured by its absorp-
tion of ultraviolet (UV) light or by the electrical current or
light produced in a chemical reaction involving ozone. The
last approach is used in the construction of “ozonesondes,”
which are lightweight, ozone-measuring modules suitable
for launching on small balloons. The balloons ascend far
enough in the atmosphere to measure ozone in the strato-
spheric ozone layer. Ozonesondes are launched regularly at
many locations around the world. Local ozone-measuring
instruments using optical or chemical detection schemes are
also used routinely on research aircraft to measure the dis-
tribution of ozone in the troposphere and lower stratosphere.
High-altitude research aircraft can reach the ozone layer at
most locations over the globe and can reach farthest into the
layer at high latitudes. Ozone measurements are also being
made routinely on some commercial aircraft flights.

Remote measurements. Remote measurements of
total ozone amounts and the altitude distributions of ozone
are obtained by detecting ozone at large distances from the
instrument. Most remote measurements of ozone rely on its
unique absorption of UV radiation. Sources of UV radiation
that can be used are the Sun, lasers, and starlight. For exam-
ple, satellites use the absorption of solar UV radiation by the
atmosphere or the absorption of sunlight scattered from the
surface of Earth to measure ozone over nearly the entire globe
on a daily basis. Lasers are routinely deployed at ground
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sites and on research aircraft to detect ozone over a distance
of many kilometers along the laser light path. A network of
ground-based detectors measures ozone by detecting small
changes in the amount of the Sun’s UV radiation that reaches
Earth’s surface. Other instruments measure ozone using its
absorption of infrared or visible radiation or its emission of

Measuring Ozone in the Atmosphere
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Ozone measurements. Ozone is mea-

Figure Q5-1.
sured throughout the atmosphere with instruments on

the ground, aircraft, high-altitude balloons, and satellites.
Some instruments measure ozone locally in sampled air
and others measure ozone remotely some distance away
from the instrument. Instruments use optical techniques,
with the Sun and lasers as light sources; detect the micro-
wave emissions from ozone; or use chemical reactions
that are unique to ozone. At many locations over the
globe, regular measurements are made to monitor total
ozone amounts and their variations over time.
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microwave or infrared radiation. Emission measurements  at night, which is particularly valuable for sampling polar
have the advantage of providing remote ozone measurements  regions in continuous darkness.

Global Ozone Network

The first instrument for routinely monitoring total ozone was developed by Gordon M.B. Dobson in the United Kingdom
in the 1920s. The instrument, called a Féry spectrometer, made its measurements by examining the wavelength spectrum of
solar ultraviolet radiation (sunlight) using a photographic plate. A small network of instruments distributed around Europe
allowed Dobson to make important discoveries about how total ozone varies with location and time. In the 1930s a new
instrument was developed by Dobson, now called a Dobson spectrophotometer, which precisely measures the intensity of
sunlight at two ultraviolet wavelengths: one that is strongly absorbed by ozone and one that is weakly absorbed. The differ-
ence in light intensity at the two wavelengths provides a measure of total ozone above the instrument location.

A global network of total-ozone observing stations was established in 1957 as part of the International Geophysical
Year. Today, there are about 100 sites located around the world ranging from South Pole, Antarctica (90°S), to Ellesmere
Island, Canada (83°N), that routinely measure total ozone. The accuracy of these observations is maintained by regular
instrument calibrations and intercomparisons. Data from the network have been essential for understanding the effects of
chlorofluorocarbons (CFCs) and other ozone-depleting substances on the global ozone layer, starting before the launch of
space-based ozone-measuring instruments and continuing to the present day. Ground-based instruments with excellent
long-term stability and accuracy are now routinely used to help calibrate space-based observations of total ozone.

Pioneering scientists have traditionally been honored by having units of measure named after them. Accordingly, the
unit of measure for total ozone is called the “Dobson unit” (see Q4).

QI3
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What are the principal steps in stratospheric ozone depletion
caused by human activities?

The initial step in the depletion of stratospheric ozone by human activities is the emission, at Earth’s surface, of gases con-
taining chlorine and bromine. Most of these gases accumulate in the lower atmosphere because they are unreactive and
do not dissolve readily in rain or snow. Natural air motions transport these accumulated gases to the stratosphere, where
they are converted to more reactive gases. Some of these gases then participate in reactions that destroy ozone. Finally,
when air returns to the lower atmosphere, these reactive chlorine and bromine gases are removed from Earth’s atmosphere

by rain and snow.

Principal Steps in the Depletion
of Stratospheric Ozone

Emissions
Halogen source gases are emitted at Earth's
surface by human activities and natural processes.

Accumulation
Halogen source gases accumulate in the
atmosphere and are globally distributed throughout
the lower atmosphere by winds and other air motions.

Transport
Halogen source gases are transported to the
stratosphere by air motions.

Conversion
Most halogen source gases are converted in the
stratosphere to reactive halogen gases in chemical
reactions involving ultraviolet radiation from the Sun.

Chemical reaction
Reactive halogen gases cause chemical depletion
of stratospheric ozone over the globe.

Low-temperature surface reactions on polar
stratospheric clouds (PSCs) significantly
increase reactive halogen gases and
thereby cause severe ozone loss in polar
regions in late winter and early spring.

6 Removal
Air containing reactive halogen gases returns
to the troposphere where the gases are removed
by moisture in clouds and rain.
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Emission, accumulation, and transport. The principal steps in
stratospheric ozone depletion caused by human activities are shown
in Figure Q6-1. The process begins with the emission, at Earth’s
surface, of source gases containing the halogens chlorine and
bromine (see Q7). The halogen source gases, often referred to as
ozone-depleting substances (ODSs), include manufactured chemi-
cals released to the atmosphere in a variety of applications, such as
refrigeration, air conditioning, and foam blowing. Chlorofluoro-
carbons (CFCs) are an important example of chlorine-containing
gases. Emitted source gases accumulate in the lower atmosphere
(troposphere) and are transported to the stratosphere by natural air
motions. The accumulation occurs because most source gases are
highly unreactive in the lower atmosphere. Small amounts of these
gases dissolve in ocean waters. The low reactivity of these manufac-
tured halogenated gases is one property that makes them well suited
for specialized applications such as refrigeration.

Some halogen gases are emitted in substantial quantities from
natural sources (see Q7). These emissions also accumulate in the
troposphere, are transported to the stratosphere, and participate in
ozone destruction reactions. These naturally emitted gases are part
of the natural balance of ozone production and destruction that
predates the large release of manufactured halogenated gases.

Figure Q6-1. Principal steps in stratospheric ozone depletion.
The stratospheric ozone depletion process begins with the emis-
sion of halogen source gases by human activities and natural
processes. Those emitted by human activities are also called
ozone-depleting substances (ODSs). Subsequent steps are accu-
mulation, transport, conversion, chemical reaction, and removal.
Ozone depletion by halogen source gases occurs globally. Large
seasonal ozone losses occur in polar regions as a result of reac-
tions involving polar stratospheric clouds (PSCs). Ozone deple-
tion ends when reactive halogen gases are removed by rain and
snow in the troposphere and deposited on Earth'’s surface.
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Conversion, reaction, and removal. Halogen source
gases do not react directly with ozone. Once in the strato-
sphere, halogen source gases are chemically converted to
reactive halogen gases by ultraviolet radiation from the Sun
(see Q8). The rate of conversion is related to the atmospheric
lifetime of a gas (see Q7). Gases with longer lifetimes have
slower conversion rates and survive longer in the atmosphere
after emission. Lifetimes of the principal ODSs vary from 1 to
100 years (see Q7). Emitted gas molecules with atmospheric
lifetimes greater than a few years circulate between the tro-
posphere and stratosphere multiple times, on average, before
conversion occurs.

The reactive gases formed from halogen source gases react
chemically to destroy ozone in the stratosphere (see Q9). The
average depletion of total ozone attributed to reactive gases is
smallest in the tropics and largest at high latitudes (see Q13).
In polar regions, surface reactions that occur at low tempera-
tures on polar stratospheric clouds (PSCs) greatly increase
the abundance of the most reactive chlorine gas, chlorine
monoxide (ClO) (see Q10). This results in substantial ozone

destruction in polar regions in late winter and early spring
(see Q11 and Q12).

After a few years, air in the stratosphere returns to the tro-
posphere, bringing along reactive halogen gases. These gases
are then removed from the atmosphere by rain and other pre-
cipitation or deposited on Earth’s land or ocean surfaces. This
removal brings to an end the destruction of ozone by chlorine
and bromine atoms that were first released to the atmosphere
as components of halogen source gas molecules.

Tropospheric conversion. Halogen source gases with
short lifetimes (less than 1 year) undergo significant chemi-
cal conversion in the troposphere, producing reactive halo-
gen gases and other compounds. Source gas molecules that
are not converted are transported to the stratosphere. Only
small portions of reactive halogen gases produced in the tro-
posphere are transported to the stratosphere because most
are removed by precipitation. Important examples of halogen
gases that undergo some tropospheric removal are the hydro-
chlorofluorocarbons (HCFCs), methyl bromide (CH3Br), and
gases containing iodine (see Q7).

Understanding Stratospheric Ozone Depletion

Our understanding of stratospheric ozone depletion has been obtained through a combination of laboratory studies,
computer models, and atmospheric observations. The wide variety of chemical reactions that occur in the stratosphere
have been discovered and studied in laboratory studies. Chemical reactions between two gases follow well-defined physical
rules. Some of these reactions occur on the surfaces of polar stratospheric clouds (PSCs) formed in the winter stratosphere.
Reactions have been studied that involve many different molecules containing chlorine, bromine, fluorine, and iodine and
other atmospheric constituents such as carbon, oxygen, nitrogen, and hydrogen. These studies have shown that several
reactions involving chlorine and bromine directly or indirectly destroy ozone in the stratosphere.

Computer models have been used to examine the combined effect of the large group of known reactions that occur in
the stratosphere. These models simulate the stratosphere by including representative chemical abundances, winds, air
temperatures, and the daily and seasonal changes in sunlight. These analyses show that under certain conditions chlorine
and bromine react in catalytic cycles in which one chlorine or bromine atom destroys many thousands of ozone molecules.
Models are also used to simulate ozone amounts observed in previous years as a strong test of our understanding of atmo-
spheric processes and to evaluate the importance of new reactions found in laboratory studies. The responses of ozone
to possible future changes in the abundances of trace gases, temperatures, and other atmospheric parameters have been
extensively explored with specialized computer models (see Q20).

Atmospheric observations have shown what gases are present in different regions of the stratosphere and how their
abundances vary. Gas and particle abundances have been monitored over time periods spanning a daily cycle to decades.
Observations show that halogen source gases and reactive halogen gases are present in the stratosphere at the amounts
required to cause observed ozone depletion. Ozone and chlorine monoxide (CIO), for example, have been observed extensively
with a variety of instruments. CIO is a highly reactive gas that is involved in catalytic ozone destruction cycles throughout the
stratosphere (see Q9). Instruments on the ground and on satellites, balloons, and aircraft now routinely detect ozone and ClIO
remotely using optical and microwave signals. High-altitude aircraft and balloon instruments are also used to detect both gases
locally in the stratosphere (see Q5). The observations of ozone and reactive gases made in past decades are used extensively
in comparisons with computer models in order to increase confidence in our understanding of stratospheric ozone depletion.

Q15
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What emissions from human activities lead to ozone depletion?

Certain industrial processes and consumer products result in the emission of ozone-depleting substances (ODSs) to the
atmosphere. ODSs are manufactured halogen source gases that are controlled worldwide by the Montreal Protocol. These
gases bring chlorine and bromine atoms to the stratosphere, where they destroy ozone in chemical reactions. Important
examples are the chlorofluorocarbons (CFCs), once used in almost all refrigeration and air conditioning systems, and the
halons, which were used in fire extinguishers. Current ODS abundances in the atmosphere are known directly from air

sample measurements.

Halogen source gases versus ODSs. Those halogen source
gases emitted by human activities and controlled by the Mon-
treal Protocol are referred to as ODSs within the Montreal
Protocol, by the media, and in the scientific literature. The
Montreal Protocol now controls the global production and
consumption of ODSs (see Q15). Halogen source gases that
have only natural sources are not classified as ODSs. The
contributions of ODSs and natural halogen source gases to
chlorine and bromine entering the stratosphere in 2008 are
shown in Figure Q7-1.

Ozone-depleting substances (ODSs).
ufactured for specific industrial uses or consumer products,

ODSs are man-

most of which result in the eventual emission of these gases to
the atmosphere. ODS emissions have increased substantially
from the middle to the late 20'" century, reached a peak in the
late 1980s, and are now in decline (see Figure Q0-1). A large
fraction of ODS emissions reach the stratosphere and lead to
ozone depletion because chlorine and bromine atoms react to
destroy ozone. ODSs that contain only carbon, chlorine, and
fluorine are called chlorofluorocarbons, usually abbreviated
as CFCs. CFCs, along with carbon tetrachloride (CCly) and
methyl chloroform (CH;3CCl;), historically have been the most
important chlorine-containing halogen source gases emitted
by human activities. These and other chlorine-containing
ODSs have been used in many applications, including refrig-
eration, air conditioning, foam blowing, aerosol propellants,
and cleaning of metals and electronic components.

Another category of ODSs contains bromine. The most
important of these gases are the halons and methyl bromide
(CH;3Br). Halons are halocarbon gases originally developed
to extinguish fires. Halons were widely used to protect large
computer installations, military hardware, and commercial
aircraft engines. As a consequence, halons are often released
Halon-1211 and
halon-1301 are the most abundant halons emitted by human

directly into the atmosphere upon use.
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activities (see Figure Q7-1). Methyl bromide is used primarily
as an agricultural and pre-shipping fumigant.

Natural sources of chlorine and bromine. There are a few
halogen source gases present in the stratosphere that have large
natural sources. These include methyl chloride (CH5Cl) and
methyl bromide (CH3Br), both of which are emitted by oceanic
and terrestrial ecosystems. Natural sources of these two gases
contributed about 17% of the chlorine in the stratosphere in
2008 and about 30% of the bromine (see Figure Q7-1). Very
short-lived source gases containing bromine, such as bromo-
form (CHBr3), are also released to the atmosphere primarily
from biological activity in the oceans. Only a fraction of these
emissions reaches the stratosphere, because these gases are
rapidly removed in the lower atmosphere. The contribution
of these very short-lived gases to stratospheric bromine is esti-
mated to be about 28%, but this has a large uncertainty. The
contribution to stratospheric chlorine of short-lived chlori-
nated gases from natural and human sources is much smaller
(less than 3%) and is included in Other gases in Figure Q7-1.
The amounts of chlorine and bromine in the stratosphere from
natural sources are believed to have been fairly constant since
the middle of the 20 century and, therefore, cannot be the
cause of ozone depletion as observed since the 1980s.

Other human sources of chlorine and bromine. Other
chlorine- and bromine-containing gases are released regu-
larly from human activities. Common examples are the use of
chlorine gases to disinfect swimming pools and wastewater,
fossil fuel burning, biomass burning, and various industrial
processes. These emissions do not contribute significantly
to stratospheric amounts of chlorine and bromine because
either the global source is small, or the emitted gases and their
degradation products are short-lived (very reactive or highly
soluble). Asa consequence, the chlorine and bromine content
of these gases is prevented from reaching the stratosphere in

significant amounts.
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Halogen Source Gases Entering the Stratosphere in 2008
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Figure Q7-1. Stratospheric source gases. A variety of halogen source gases emitted from natural sources and by human
activities transport chlorine and bromine into the stratosphere. Ozone-depleting substances (ODSs) are the subset of these
gases emitted by human activities that are controlled by the Montreal Protocol. These partitioned columns show the sources
and abundances of chlorine- and bromine-containing gases entering the stratosphere in 2008. The approximate amounts
are derived from tropospheric observations of each gas in 2008. Note the large difference in the vertical scales: total chlorine
entering the stratosphere is 150 times more abundant than total bromine. Human activities are the largest source of chlorine
reaching the stratosphere and the CFCs are the most abundant chlorine-containing gases. Methyl chloride is the primary
natural source of chlorine. HCFCs, which are substitute gases for CFCs and also controlled under the Montreal Protocol, are a
small but growing fraction of chlorine-containing gases. For bromine entering the stratosphere, halons and methyl bromide
are the largest contributors. Methyl bromide has an additional, much larger, natural source. Natural sources provide a much
larger fraction of total bromine entering the stratosphere than of total chlorine. (The unit “parts per trillion” is used here as a
measure of the relative abundance of a gas in air: 1 part per trillion equals the presence of one molecule of a gas per trillion
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(=10"?) total air molecules.)

Lifetimes and emissions. After emission, halogen source
gases are either naturally removed from the atmosphere or
undergo chemical conversion in the troposphere or strato-
sphere. The time to remove or convert about 60% of a gas
is often called its atmospheric lifetime. Lifetimes vary from
less than 1 year to 100 years for the principal chlorine- and
bromine-containing gases (see Table Q7-1). The long-lived
gases are primarily destroyed in the stratosphere and essen-
tially all of the emitted halogen is available to participate in
the destruction of stratospheric ozone. Gases with the short
lifetimes (e.g., the HCFCs, methyl bromide, methyl chloride,
and the very short-lived gases) are substantially destroyed in
the troposphere and, therefore, only a fraction of the emitted
halogen contributes to ozone depletion in the stratosphere.

The amount of an emitted gas that is present in the atmo-

sphere represents a balance between the emission rate and the
lifetime of the gas. Emission rates and atmospheric lifetimes
vary greatly for the source gases, as indicated in Table Q7-1.
For example, the atmospheric abundances of most of the
principal CFCs and halons have decreased since 1990 while
those of the leading substitute gases, the hydrochlorofluoro-
carbons (HCFCs), continue to increase under the provisions
of the Montreal Protocol (see Q16). In the coming decades,
the emissions and atmospheric abundances of all controlled
gases are expected to decrease under these provisions.
Ozone Depletion Potential (ODP). Halogen source gases
are compared in their effectiveness to destroy stratospheric
ozone using the ODP, as listed in Table Q7-1 (see Q18). A gas
with a larger ODP destroys more ozone over its atmospheric
lifetime. The ODP is calculated relative to CFC-11, which has

Q17
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Table Q7-1. Atmospheric lifetimes, global emissions, Ozone Depletion Potentials, and Global Warming Potentials of some halogen

source gases and HFC substitute gases.

Gas Atmospheric Global Emissions | Ozone Depletion Global Warming
Lifetime (years) in 2008 (Kt/yr) 2 Potential (ODP) ¢ | Potential (GWP) ©

Halogen source gases

Chlorine gases
CFC-11 45
CFC-12 100
CFC-113 85
Carbon tetrachloride (CCly) 26
HCFCs 1-17
Methyl chloroform (CH3CCls) 5
Methyl chloride (CHsCl) 1
Bromine gases
Halon-1301 65
Halon-1211 16
Methyl bromide (CH3Br) 0.8
Very short-lived gases (e.g., CHBr3) Less than 0.5
Hydrofluorocarbons (HFCs)
HFC-134a 13.4
HFC-23 222
HFC-143a 471
HFC-125 28.2
HFC-152a 1.5
HFC-32 5.2

52-91 1 4750
41-99 0.82 10900
3-8 0.85 6130
40-80 0.82 1400
385-481 0.01-0.12 77-2220
Less than 10 0.16 146
3600-4600 0.02 13
1-3 15.9 7140
4-7 7.9 1890
110-150 0.66 5
b b very low b very low
149 + 27 0 1370
12 0 14200
17 0 4180
22 0 3420
50 0 133
8.9 0 716

2 Includes both human activities (production and banks) and natural sources. Emissions are in units of kilotonnes per year

(1 kilotonne = 1000 metric tons = 1 gigagram = 10° grams).

b Estimates are very uncertain for most species.

€100-year GWPs. ODPs and GWPs are discussed in Q18. Values are calculated for emissions of an equal mass of each gas.

an ODP defined to be 1. The calculations, which require the
use of computer models of the atmosphere, use as the basis of
comparison the ozone depletion from an equal mass of each
gas emitted to the atmosphere. Halon-1211 and halon-1301
have ODPs significantly larger than CFC-11 and most other
emitted gases because bromine is much more effective overall
(about 60 times) on a per-atom basis than chlorine in chemi-
cal reactions that destroy ozone. The gases with small ODP
values generally have short atmospheric lifetimes or contain
fewer chlorine and bromine atoms.

Fluorine and iodine. Fluorine and iodine are also halogen
atoms. Many of the source gases in Figure Q7-1 also contain

Q18

fluorine atoms in addition to chlorine or bromine. After the
source gases undergo conversion in the stratosphere (see Q6),
the fluorine content of these gases is left in chemical forms
that do not cause ozone depletion. As a consequence, halogen
source gases that contain fluorine and no other halogens are
not classified as ODSs. An important category is the hydroflu-
orocarbons (HFCs), which are included in Table Q7-1 because
they are ODS substitute gases with ODPs of zero (see Q18).
Iodine is a component of several gases that are naturally
emitted from the oceans. Although iodine can participate in
ozone destruction reactions, these iodine-containing source
gases generally have very short lifetimes and, as a result, only
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a very small fraction reaches the stratosphere. There are large
uncertainties in how these emissions vary with season and
geographical region.

Other non-halogen gases. Other non-halogen gases that
influence stratospheric ozone abundances have also increased
in the stratosphere as a result of emissions from human activi-
ties. Important examples are methane (CH4) and nitrous
oxide (N,0O), which react in the stratosphere to form water
vapor and reactive hydrogen, and nitrogen oxides, respec-
tively. These reactive products participate in the destruction

of stratospheric ozone (see Q2). Increasing abundances of
N,O and CHy,, as well as CO,, are expected to significantly
affect future stratospheric ozone through combined effects on
temperature, winds, and chemistry (see Q20). Although all of
these gases are part of the Kyoto Protocol (see Q15) because
they are climate gases, they are not classified as ODSs under
the Montreal Protocol. Although past emissions of ODSs still
dominate global ozone depletion, the current emissions of
N,O from human activities will destroy more stratospheric
ozone than the current emissions of any ODS.

Heavier-Than-Air CFCs

CFCs and other ozone-depleting substances reach the stratosphere despite the fact that they are “heavier than air.” For
example, molecules of CFC-11 (CCl3F) and CFC-12 (CCl,F,) are approximately 4-5 times heavier than the average molecule
of air, since air is composed primarily of oxygen and nitrogen. The emissions of long-lived gases accumulate in the lower
atmosphere (troposphere). The distribution of these gases in the troposphere and stratosphere is not controlled by the
molecular weight of each gas because air is in continual motion in these regions as a result of winds and convection. Con-
tinual air motions ensure that new emissions of long-lived gases are horizontally and vertically well mixed throughout the
troposphere within a few months. It is this well-mixed air that enters the lower stratosphere from upward air motions in
tropical regions, bringing with it ozone-depleting substances emitted from any location on Earth’s surface.

Atmospheric measurements confirm that ozone-depleting substances with long atmospheric lifetimes are well mixed in
the troposphere and are present in the stratosphere (see Figure Q8-2). The amounts found in these regions are generally
consistent with the emission estimates reported by industries and governments. Measurements also show that gases that
are “lighter than air,” such as hydrogen (H,) and methane (CH,), are also well mixed in the troposphere, as expected, and
not found only in the upper atmosphere. Noble gases from very light helium to very heavy xenon, which all have very long
atmospheric lifetimes, are also uniformly distributed throughout the troposphere and stratosphere. Only at altitudes well
above the troposphere and stratosphere (above 85 kilometers (53 miles)), where much less air is present, does the influence
of winds and convection diminish to the point where heavy gases begin to separate from lighter gases as a result of gravity.
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What are the reactive halogen gases that destroy
stratospheric ozone?

Emissions from human activities and natural processes represent a large source of chlorine- and bromine-containing gases
that enter the stratosphere. When exposed to ultraviolet radiation from the Sun, these halogen source gases are converted
to more reactive gases containing chlorine and bromine. Some reactive gases act as chemical reservoirs that convert to form
the most reactive gases, namely chlorine monoxide (CIO) and bromine monoxide (BrO). The most reactive gases participate
in catalytic reactions that efficiently destroy ozone. Most volcanoes emit some reactive halogen gases that readily dissolve
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in water and are usually washed out of the atmosphere before they can reach the stratosphere.

eactive gases containing the halogens chlorine and bro-
anine lead to the chemical destruction of stratospheric
ozone. Halogen-containing gases present in the stratosphere
can be divided into two groups: halogen source gases and reac-
tive halogen gases (Figure Q8-1). The source gases, which
include ozone-depleting substances (ODSs), are emitted at
Earth’s surface by natural processes and by human activities
(see Q7). Once in the stratosphere, the halogen source gases
chemically convert at different rates to form the reactive halo-
gen gases. The conversion occurs in the stratosphere for most
gases instead of the troposphere because solar ultraviolet
radiation (sunlight) is more intense in the stratosphere.

Reactive halogen gases. The chemical conversion of hal-
ogen source gases, which involves solar ultraviolet radiation
(sunlight) and other chemical reactions, produces a number
of reactive halogen gases. These reactive gases contain all
of the chlorine and bromine atoms originally present in the
source gases. The most important reactive chlorine- and
bromine-containing gases that form in the stratosphere are
shown in Figure Q8-1. Throughout the stratosphere, the most
abundant are typically hydrogen chloride (HCI) and chlorine
nitrate (CIONO,). These two gases are considered important
reservoir gases because, while they don’t react directly with

ozone, they can be converted to the most reactive forms that
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Figure Q8-1. Conversion of halogen source gases. Halogen source gases containing chlorine and bromine are chemically
converted to reactive halogen gases primarily in the stratosphere. The conversion requires solar ultraviolet radiation and a
few chemical reactions. The shorter-lived gases undergo some conversion in the troposphere. The reactive halogen gases
contain all the chlorine and bromine originally present in the source gases before conversion. The reactive gases can be
grouped into the reservoir gases, which do not directly destroy ozone, and the most reactive gases, which participate in
ozone destruction cycles (see Q9). A principal reactive gas, ClO, is formed by reactions of the reservoir gases HCl and CIONO,
that occur on the surfaces of liquid and solid polar stratospheric clouds (PSCs) (see Q10).
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do chemically destroy ozone. The most reactive forms are
chlorine monoxide (ClO) and bromine monoxide (BrO), and
chlorine and bromine atoms (Cl and Br). A large fraction of
available reactive bromine is generally in the form of BrO,
whereas usually only a small fraction of reactive chlorine is
in the form of ClO. The special conditions that occur in the
polar regions in winter cause the reservoir gases CIONO, and
HCI to undergo nearly complete conversion to ClO in reac-
tions on polar stratospheric clouds (PSCs) (see Q10).
Reactive chlorine at midlatitudes. Reactive chlorine gases
have been observed extensively in the stratosphere with both
local and remote measurement techniques. The measurements
from space displayed in Figure Q8-2 are representative of how
the amounts of chlorine-containing gases change between the
surface and the upper stratosphere at midlatitudes. Available
chlorine (see red line in Figure Q8-2) is the sum of chlorine
contained in halogen source gases and the reactive gases (e.g.,
HCI, CIONO,, CIO). Available chlorine is constant to within
about 15 percent from the surface to 47 kilometers (31 miles)
altitude. In the troposphere, available chlorine is contained
almost entirely in the source gases described in Figure Q7-1.
At higher altitudes, the source gases become a smaller fraction
of available chlorine as they are converted to the reactive chlo-

Measurements of Reactive Chlorine from Space

November 1994 (35° — 49°N)

rine gases. At the highest altitudes, available chlorine is all in
the form of the reactive chlorine gases.

In the altitude range of the ozone layer at midlatitudes, as
shown in Figure Q8-2, the reactive reservoir gases HCl and
CIONO, account for most of the available chlorine. CIO, the
most reactive gas in ozone depletion, is a small fraction of avail-
able chlorine. The low abundance of ClO limits the amount of
ozone destruction that occurs outside of polar regions.

Reactive chlorine in polar regions. Reactive chlorine gases
in polar regions undergo large changes between the fall and late
winter. Meteorological and chemical conditions in both polar
regions are now routinely observed from space in all seasons.
Fall and winter conditions over the Antarctic are contrasted in
Figure Q8-3 using seasonal observations made near the center
of the ozone layer (about 18 km (11.3 miles)) (see Figure Q12-3).

In fall (May), ozone values are high over the entire Antarc-
tic continent and beyond. Temperatures are mid-range, HCI
and nitric acid (HNOs3) are high, and ClO is very low. High
HCI indicates that substantial conversion of halogen source
gases has occurred in the stratosphere. In the past decades,
HCl and CIONO; reactive reservoir gases have increased sub-
stantially in the stratosphere following increased emissions
of halogen source gases. HNOs; is an abundant, naturally

Figure Q8-2. Reactive chlorine gas observa-
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up to 47 km. In the ozone layer (18-35 km),
chlorine source gases are still present and HCl
and CIONO, are the most abundant reactive
chlorine gases. (The unit “parts per trillion” is
defined in the caption of Figure Q7-1.)

Q.21



20 Questions: 2010 Update

Q22

Chemical Conditions Observed in the Ozone Layer Over Antarctica

Normal ozone amounts in fall (1 May 2008) at 18-km altitude

Temperature Nitric acid (HNO3)

Ozone Hydrogen chloride (HCI) Chlorine monoxide (CIO)

Large ozone depletion in late winter (15 September 2008) at 18-km altitude

Temperature Nitric acid (HNOg)

Ozone Hydrogen chloride (HCI) Chlorine monoxide (CIO)

Temperatures and chemical abundances

Low | High
1800 ————  — Ozone ————  — 2800 ppb
85------- Temperature -~ - - - - - -60°C
1.0 HNO3 9.0 ppb
02-------- HCl - ------- 1.7 ppb
0.1 ClO 1.1 ppb
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Figure Q8-3. Chemical conditions in the ozone layer over Antarctica. Observations of the chemical conditions in the
Antarctic region highlight the changes associated with severe ozone depletion that forms the ozone hole. Satellite instru-
ments now routinely monitor ozone, reactive chlorine gases, and temperatures in the global stratosphere. Results are shown
here for fall (May) and late winter (September) seasons in Antarctic winter for a narrow altitude region near 18 kilometers (11.2
miles) within the ozone layer (see Figure Q12-3). Ozone has normal high values in fall before the onset of ozone destruction
reactions causes wide spread depletion by late winter. High ozone is accompanied by moderate temperatures, normal high
values of HCl and HNOs, and normal very low CIO amounts. When ClO is not enhanced, significant ozone destruction from
ozone-depleting substances does not occur. Chemical conditions are quite different in late winter when ozone undergoes
severe depletion. Temperatures are much lower, HCl has been converted to ClO, the most reactive chlorine gas, and HNO3
has been removed by the gravitational settling of PSC particles. ClO values closely surrounding the South Pole are low in
September because CIO formation requires sunlight, which is still gradually returning to the highest latitudes. The high CIO
values in late winter last for 1 to 2 months, cover an area that at times exceeds that of the Antarctic continent, and efficiently
destroy ozone in sunlit regions in late winter/early spring. Ozone typically reaches its minimum values in early to mid-October
(see Q12). Note that the first and last colors in the color bar represent values outside the indicated range of values. (The unit
“parts per billion,” abbreviated “ppb,” is used here as a measure of the relative abundance of a gas in air: 1 part per billion
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equals the presence of one molecule of a gas per billion (=10°) total air molecules (compare to ppt in Figure Q7-1)).

occurring stratospheric compound that moderates ozone
destruction chemistry and also condenses to help form polar
stratospheric clouds (PSCs) (see Q10). Low ClO indicates that
little conversion of the reactive reservoirs occurs in the fall,
thereby limiting catalytic ozone destruction.

By late winter (September), ozone amounts reflect sub-
stantial depletion at 18-km altitude over an area larger than
the Antarctic continent. Depletion throughout much of
the altitude range of the ozone layer created the 2008 ozone
hole shown in Figure QI1-3 (see altitude profile in Figure
Q12-3). The associated meteorological and chemical condi-
tions in late winter are very different from those found in
fall: very low temperatures, very low HCl and HNO3, and
very high ClO. Low stratospheric temperatures are charac-
teristic of winter when solar heating is reduced. Low HCl
and high ClO reflect the conversion of the reactive halogen
reservoir compounds, HCl and CIONO,, to the most reac-
tive chlorine form, ClO. This conversion occurs selectively
in winter on PSCs and other stratospheric particles, which
form at the very low temperatures (see Q10). Low HNO; is
indicative of its condensation to form PSCs, some of which
subsequently move to lower altitudes through gravitational
settling. High CIO abundances generally cause ozone deple-
tion to continue in the Antarctic region until mid-October
(spring), when the lowest ozone values usually are observed
(see Q11). Astemperatures rise at the end of the winter, halt-
ing further PSC formation, ClO is converted back into the
reactive reservoir species HCI and CIONO, (see Q10), and
ozone destruction is curtailed.

Similar though less dramatic changes in meteorological
and chemical conditions are also observed between fall and
winter in the Arctic, where winter ozone depletion is less
severe than in the Antarctic.

Reactive bromine observations. Fewer measurements
are available for reactive bromine gases in the lower strato-
sphere than for reactive chlorine, in part because of the lower
abundance of bromine. The most widely observed bromine
gas is bromine monoxide (BrO), which can be observed from
space. Estimates of reactive bromine abundances in the
stratosphere are larger than expected from the conversion of
the halons and methyl bromide source gases, suggesting that
the contribution of the very short-lived bromine-containing
gases to reactive bromine must also be significant (see Q7).

Other sources. Other emission sources of reactive halo-
gen gases exist that are associated with natural processes and
human activities. Most emissions become trapped in the
lower atmosphere when dissolved in water, and ultimately are
returned to Earth’s surface before they can reach the strato-
sphere. Volcanoes are an important episodic source of reac-
tive halogen gases (e.g., HCI) that do not reach the stratosphere
in appreciable quantities (see Q14). Other examples include
reactive chlorine produced by evaporation of ocean spray. Sea
salt products dissolve in water and are removed in the lower
atmosphere. Solid rocket motors, such as those used on the
Space Shuttle, release reactive chlorine gases directly into the
troposphere and stratosphere. At current launch rates, the
emitted quantities are very small in comparison with halogen

emissions from other human activities.
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What are the chlorine and bromine reactions that destroy

stratospheric ozone?

Reactive gases containing chlorine and bromine destroy stratospheric ozone in “catalytic” cycles made up of two or more
separate reactions. As a result, a single chlorine or bromine atom can destroy many thousands of ozone molecules before it
leaves the stratosphere. In this way, a small amount of reactive chlorine or bromine has a large impact on the ozone layer.
A special situation develops in polar regions in the late winter/early spring season where large enhancements in the abun-
dance of the most reactive gas, chlorine monoxide, leads to severe ozone depletion.

tratospheric ozone is destroyed by reactions involving
Sreactive halogen gases, which are produced in the chemi-
cal conversion of halogen source gases (see Figure Q8-1). The
most reactive of these gases are chlorine monoxide (ClO), bro-
mine monoxide (BrO), and chlorine and bromine atoms (ClI
and Br). These gases participate in three principal reaction
cycles that destroy ozone.

Cycle 1. Ozone destruction Cycle 1 is illustrated in Figure
Q9-1. The cycle is made up of two basic reactions: Cl + O;
and ClO + O. The net result of Cycle 1 is to convert one ozone
molecule and one oxygen atom into two oxygen molecules. In
each cycle, chlorine acts as a catalyst because ClO and Cl react
and are re-formed. In this way, one Cl atom participates in
many cycles, destroying many ozone molecules. For typical
stratospheric conditions at middle or low latitudes, a single
chlorine atom can destroy hundreds of ozone molecules

Ozone Destruction Cycle 1

Oxygen molecule (O2)

¢°

Chlorine atom (CI)

Ozone

before it happens to react with another gas, breaking the cata-
lytic cycle, and up to tens of thousands of ozone molecules
during the total time of its stay in the stratosphere.

Polar Cycles 2 and 3. The abundance of CIO is greatly
increased in polar regions during winter as a result of reactions
on the surfaces of polar stratospheric clouds (PSCs) (see Q8
and QI10). Cycles 2 and 3 (see Figure Q9-2) become the domi-
nant reaction mechanisms for polar ozone loss because of the
high abundances of CIO and the relatively low abundance of
atomic oxygen (which limits the rate of ozone loss by Cycle 1).
Cycle 2 begins with the self-reaction of ClO. Cycle 3, which
begins with the reaction of ClO with BrO, has two reaction
pathways to produce either Cl and Br or BrCl. The net result
of both cycles is to destroy two ozone molecules and create
three oxygen molecules. Cycles 2 and 3 account for most of the
ozone loss observed in the Arctic and Antarctic stratospheres

Figure Q9-1.
destruction of ozone in Cycle 1 involves two sepa-

Ozone destruction Cycle 1. The

(Oa) rate chemical reactions. The net or overall reaction

is that of atomic oxygen with ozone, forming two
oxygen molecules. The cycle can be considered
to begin with either CIO or Cl. When starting with
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Oxygen molecule (O2)

again with another reaction of CIO with O. Chlo-
rine is considered a catalyst for ozone destruction
because Cl and CIO are re-formed each time the
reaction cycle is completed, and ozone is simply
removed. Atomic oxygen (O) is formed when solar
ultraviolet radiation (sunlight) reacts with ozone
and oxygen molecules. Cycle 1 is most important
in the stratosphere at tropical and middle latitudes,
where solar ultraviolet radiation is most intense.
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Ozone Destruction Cycles in Polar Regions

Ozone Destruction Cycles in Polar Regions

Cycle 2
CIO + CIO — (ClO)2

(ClO)2 + sunlight — CIOO + CI
CIOO — Cl + O2
2(Cl + Oz — CIO + O2)

Net: 203 — 302

Cycle 3
CIO + BrO— CIl + Br + O
ClO + BrO— BrCl + O2
or(BrCI + sunlight— CI + Br )
Cl+ O3— CIO + O
Br + Oz — BrO + O2

Net: 203 — 302

Figure Q9-2. Polar ozone destruction Cycles 2 and 3. Significant destruction of ozone occurs in polar regions because

ClO abundances reach large values. In this case, the cycles initiated by the reaction of CIO with another CIO (Cycle 2) or the
reaction of ClO with BrO (Cycle 3) efficiently destroy ozone. The net reaction in both cases is two ozone molecules forming
three oxygen molecules. The reaction of CIO with BrO has two pathways to form the Cl and Br product gases. Ozone destruc-

tion Cycles 2 and 3 are catalytic, as illustrated for Cycle 1 in Figure Q9-1, because chlorine and bromine gases react and are

re-formed each time the reaction cycle is completed. Visible sunlight is required to complete each cycle and to help form and

maintain ClO abundances. During polar night and other periods of darkness, ozone cannot be destroyed by these reactions.

in the late winter/early spring season (see QI1 and Q12). At
high ClO abundances, the rate of polar ozone destruction can
reach 2 to 3% per day in late winter/early spring.

Sunlight requirement. Sunlight is required to complete
and maintain Cycles 1 through 3. Cycle 1 requires sunlight
because atomic oxygen is formed only with solar ultraviolet
radiation. Cycle 1 is most important in the stratosphere at
tropical and middle latitudes, where solar ultraviolet radia-
tion (sunlight) is most intense.

Cycles 2 and 3 require visible sunlight to complete the
reaction cycles and to maintain ClO abundances. In the con-
tinuous darkness of winter in the polar stratosphere, reaction
Cycles 2 and 3 cannot occur. It is only in late winter/early
spring when sunlight returns to the polar regions that these
cycles can occur. Therefore, the greatest destruction of ozone
occurs in the partially to fully sunlit periods after midwin-
ter in the polar stratosphere. The visible sunlight needed in
Cycles 2 and 3 is not sufficient to form ozone because this
process requires solar ultraviolet radiation (see Q1). In the
stratosphere in the late winter/early spring period, solar ultra-

violet radiation is weak at low Sun angles. As a result, ozone
destruction by Cycles 2 and 3 in the sunlit winter stratosphere
greatly exceeds ozone production.

Other reactions. Global ozone abundances are controlled
by many reactions that both produce and destroy ozone (see
Q2). Chlorine and bromine catalytic reactions are but one
group of ozone destruction reactions. Reactive hydrogen and
reactive nitrogen gases, for example, are involved in other cat-
alytic ozone-destruction cycles that also occur in the strato-
sphere. These reactions occur naturally in the stratosphere
and their importance has not been as strongly influenced
by human activities as have reactions involving halogens.
The sources of reactive hydrogen and nitrogen gases are the
naturally occurring gases methane (CH,) and nitrous oxide
(N,0), respectively. The importance of reactive hydrogen and
nitrogen gases relative to reactive halogen gases is expected to
increase in the future, because the atmospheric abundances
of the reactive halogen gases are decreasing as a result of the
Montreal Protocol, while CH, and N,O abundances are pro-
jected to increase substantially due to human activities.
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Replacing Lost Ozone in the Stratosphere

The idea is sometimes put forth that humans could compensate for lost global stratospheric ozone by replacing it. Ozone
could be manufactured, stored, transported to the stratosphere, and released in depleted regions. Unfortunately, the idea
has substantial practical limitations.

Ozone amounts in the stratosphere reflect a continual balance between chemical production and destruction (see Q2).
The addition of chlorine and bromine to the stratosphere from human activities has changed the natural balance by increas-
ing ozone destruction and, thereby, lowering stratospheric ozone amounts. Chlorine and bromine destroy ozone in cata-
lytic reactions that allow each atom to destroy many thousands of ozone molecules (see Q9). A one-time injection of manu-
factured ozone to the stratosphere would not restore the natural balance because the added ozone would be destroyed in
the same chemical reactions with chlorine and bromine within about a year. Thus, ozone additions would need to be large
and continuous as long as stratospheric chlorine and bromine amounts remained enhanced above natural amounts, a con-
dition expected to persist for several decades (see Q16). Continuous replacement for decades would pose unprecedented
technical and resource challenges that will likely be unacceptable to decision makers in the international community.

Specific technical difficulties in replacing stratospheric ozone are the large amounts of ozone required and the delivery
method. The total amount of atmospheric ozone is approximately 3,000 megatons (1 megaton = 1 billion kilograms) with
most residing in the stratosphere. Compensating for the average global ozone loss, currently about 3%, would require 90
megatons of ozone to be distributed regularly throughout the stratosphere many kilometers above Earth’s surface. The
energy required to produce this amount of ozone would be a significant fraction of the electrical power generated annually
in the United States, for example, which is now approximately 4 trillion kilowatt hours. Processing and storing requirements
for ozone, which is explosive and toxic in large quantities, would increase the energy requirement. In addition, methods
suitable to deliver and distribute large amounts of ozone to the stratosphere have not been developed. Concerns for a
global delivery system would include further significant energy use and unforeseen environmental consequences.
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Why has an “ozone hole” appeared over Antarctica when ozone-
depleting substances are present throughout the stratosphere?

Ozone-depleting substances are present throughout the stratospheric ozone layer because they are transported great dis-
tances by atmospheric air motions. The severe depletion of the Antarctic ozone layer known as the “ozone hole” occurs
because of the special atmospheric and chemical conditions that exist there and nowhere else on the globe. The very low
winter temperatures in the Antarctic stratosphere cause polar stratospheric clouds (PSCs) to form. Special reactions that
occur on PSCs, combined with the relative isolation of polar stratospheric air, allow chlorine and bromine reactions to pro-

duce the ozone hole in Antarctic springtime.

he severe depletion of stratospheric ozone in late winter
and early spring in the Antarctic is known as the “ozone
hole” (see Q11). The ozone hole first appeared over Antarc-
tica because atmospheric and chemical conditions unique to
this region increase the effectiveness of ozone destruction by
reactive halogen gases (see Q8). In addition to an abundance

of these reactive gases, the formation of the Antarctic ozone
hole requires temperatures low enough to form polar strato-
spheric clouds (PSCs), isolation from air in other stratospheric
regions, and sunlight.

Distributing halogen gases. Halogen source gases emit-
ted at Earth’s surface are present in comparable abundances

Minimum Air Temperatures in the Polar Stratosphere

Arctic winter
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Figure Q10-1. Arctic and Antarctic tem-
peratures. Air temperatures in both polar
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